Ceria nanoparticles (NPs) rapidly and easily cycle between Ce(III) and Ce(IV) oxidation states, 21 making them prime candidates for commercial and other applications. Increased commercial 22 use has resulted in increased discharge to the environment and increased associated risk. Once 23 in complex media such as environmental waters or toxicology exposure media, the same redox 24 transformations can occur, causing altered behavior and effects compared to the pristine NPs. 25
use has resulted in increased discharge to the environment and increased associated risk. Once 23 in complex media such as environmental waters or toxicology exposure media, the same redox 24 transformations can occur, causing altered behavior and effects compared to the pristine NPs. 25 This study used high resolution scanning transmission electron microscopy and electron energy 26 loss spectroscopy to investigate changes in structure and oxidation state of small, polymer-27 coated ceria suspensions in complex media. NPs initially in either the III or IV oxidation states, 28 but otherwise identical, were used. Ce(IV) NPs were changed to mixed (III, IV) NPs at high 29 ionic strengths, while the presence of natural organic macromolecules (NOM) stabilized the 30 oxidation state and increased crystallinity. The Ce(III) NPs remained as Ce(III) at high ionic 31 strengths, but were modified by the presence of NOM, causing reduced crystallinity and 32 degradation of the NPs. Subtle changes to NP properties upon addition to environmental or 33 ecotoxicology media suggest that there may be small but important effects on fate and effects 34
of NPs compared to their pristine form. 
INTRODUCTION 37
Interactions and transformations of NPs with environmental and toxicological media are 38 known to occur 1-3 but are often not well studied, although published work focuses on changes 39 in dissolution, aggregation, shape, size and size distribution 3 . In the case of ceria NPs that do 40 not readily dissolve in water but can transform chemically 4 , transformations such as Ce(III) to 41
Ce(IV) cycling and associated changes are likely to be of key importance for understanding 42 biological and environmental behavior. 5 These same chemical transformations make ceria NPs 43 of particular interest to industry, in particular they are widely used in microelectronics/semi-44 conductor industries, as mechanical polishers, [6] [7] [8] [9] and as a fuel additive in diesel. 10, 11 The 45 oxidation state of ceria NPs is known to be size dependent 12, 13 
MATERIALS AND METHODS 69
Nanoparticle synthesis. Cerium(III) oxide NPs, nominally 5 nm, were synthesized and 70 characterized as previously published 4 . Briefly, Ce(III)NO 3 (Sigma Aldrich) was dissolved in 71 a solution of 10 KDa polyvinylpyrrolidone (PVP, Sigma Aldrich). The mixture was heated for 72 3 hours at 105 °C, followed by quenching the flask into cold water. When the reaction mixture 73 was cooled, the excess PVP was removed by adding acetone, centrifuging at 4000 rpm for 10 74 minutes using an Eppendorf 5810R bench top centrifuge. The yellow pellet was retained, and 75 the excess liquid was discarded. The pellet was resuspended in ultrahigh purity water (UHP, 76 resistivity 18.2 ΜΩ cm, total organic carbon <10 ppb). This procedure was repeated three 77 times to ensure all excess PVP was removed. After the final resuspension in UHP water, the 78
NPs were re-dispersed to 100 ml of UHP water and filtered through a 100 nm mixed cellulose 79 ester membrane (EMD Millipore™) filter using an asepic vacuum filter system (EMD 80 Millipore™) to a selected concentration and stored at room temperature in the dark. 81 82 Cerium (IV) oxide NPs were produced by converting 50 mL of cerium (III) stock NP 83 suspension. 50ml of the Ce 2 O 3 NP suspension was placed into a 125 mL Teflon-lined 84 autoclave with 1ml of 1M NaOH and heated at 140 °C for 4 hours. The resulting solution 85 turned bright orange and contained CeO 2 NPs. The suspension was ultrafiltered using an 86
Amicon™ stirred ultrafiltration cell (EMD Millipore™) and a 3 KDa Ultracel™ ultrifiltration 87 disc, made from regenerated cellulose (EDM Millipore™), to remove any excess cerium ions 88 and unreacted NaOH. Finally the suspension was filtered through a 100 nm mixed cellulose 89 ester membrane (Millipore) filter using a vacuum filter system (Millipore) to remove any 90 aggregated particles and stored under the same conditions as the Ce (III) (Table S1 -A and S1-B). The particle solutions were left for 72 hours, equivalent to 97 toxicological exposure conditions for algae 20 , and relevant to environmental exposures. 98
Suspensions of 100 ppb were prepared in each media and left under ambient laboratory 99 conditions for 72 hours. Aliquots were withdrawn at 0, 24, 48 and 72 hours for testing. All 100 experiments performed in triplicate. The suspension was not shaken after mixing and no 101 particle precipitation was observed. 102 103 Characterization. Measurements were performed on a Malvern Instruments Nanosizer to 104 collect both size and zeta potential data. For the size measurements 1 ml of particle suspension 105 was placed into a polystyrene disposable cuvette (Sarstedt AG &Co.). Ten consecutive 106 measurements were collected and averaged to calculate a Z average size. The results were 107 taken at 20 °C with samples equilibrated for 2 min before measurements were started. The 108
Stokes relationship was used to calculate the hydrodynamic diameter of the particles. For the 109 zeta potential measurements 1 ml of suspension was put into a disposable folded capillary cell 110 (Malvern Instruments Ltd.). The sample was allowed to equilibrate at 20 °C for 2 minutes 111 before five consecutive measurements were made. 112 113 Flow field flow fractionation (FlFFF), high-angle annular dark-field scanning transmission 114 electron microscopy (HAADF-STEM) and electron energy loss spectroscopy (EELS) were 115 8 also used to examine the NPs. FlFFF separation and sizing were carried out on a Postnova 116 asymmetrical field-flow fractionation (AF2000 Mid Temperature, Postnova Analytic). The 117 accumulation wall was a 1 KDa regenerated cellulose membrane. The eluent was 0.01 M NaCl 118 (pH 7.5). The channel flow was 1 mL min -1 and cross-flow was 2 mL min -1 , to ensure a good 119 separation between the void peak and particle elution time. The injection volume was 0.5 mL 120 (particle concentration of approximately 100 ppb), which was injected into the channel after 6 121 min. The channel volume was calculated using 20, 30, and 60 nm polystyrene bead standards 122 (Duke Scientific Corp.). All particles were detected with a UV detector at 254 nm. Diffusion 123 coefficients were calculated using FlFFF theory 21 and converted to size using the Stokes 124 relationship. At least 3 replicates were collected and a mean size calculated. 125
126
Samples for HAADF-STEM analysis were prepared by placing an amorphous carbon coated 127 copper grid (Agar Scientific, UK) onto a bespoke Teflon flat surface in a 12ml 128 ultracentrifugation tube as we have previously preformed 22 . 11 ml of NP suspension was 129 placed into the tube and centrifuged at 500,000 g for 1 hour using a Beckman ultracentrifuge 130 (L7-65 Ultracentrifuge) with a swing out rotor (SW40Ti) on to a carbon coated copper TEM 131 grid. The supernatant, containing the ionic fraction of the suspension, was removed and 132 discarded while the grid was recovered and washed by carefully placing into UHP water for 5 133 minutes. The grid was removed from the wash water and allowed to fully dry at room 134 temperature for at least two hours before imaging. The maximum time between grid 135 preparation and imaging was kept to below 12 hours. 
RESULTS AND DISCUSSION 177 178
The hydrodynamic diameter data (measured by DLS and FIFFF) and electrophoretic mobility 179 (EPM) of particles in exposure media at time 0 and 72 h are summarized in Table 1 (data in  180 supporting information Figures S2A and B) . All of the suspensions, with the exception of one, 181 had hydrodynamic diameters of in the range 6-9 nm and there was no significant difference 182 between the as-prepared NPs and the NPs in media. However, the Ce(III) NPs in soft water 183 containing SRFA gave an immediate increase in hydrodynamic diameter to > 120 nm, which 184 was substantially different from the as-prepared size of 6.2 ± 0.1 nm. This increase was 185 significantly different from all of the other suspensions (p << 0.05). Interestingly, the FIFFF 186 measurements showed no significant differences in any of the sizes (p > 0.05), including 187 Ce(III) in soft water with SRFA. However the intensity data for these NPs was less than 50% 188 of the other conditions, indicating losses, most likely due to aggregation, as we have seen 189 Figure S5 ). T-tests were performed, primarily with the aim 241 of identifying any changes in oxidation state due to the exposure to different media types 242 compared with the same NPs in the stock. (A table of p values can be found in Table S6 ). For 243 Ce(III) NPs, significant changes occurred after spiking into the algal and daphnia exposure 244 media, but not into the soft water either with or without SRFA. It should be noted first that the 245 14 Ce(III)-softwater with SRFA has a larger error related to the aggregation and amorphous nature 246 of the particles making accurate quantification difficult and, secondly, that these significant 247 differences were small in magnitude. The origin of these changes is not clear, with the primary 248 difference in the medium being the higher ionic strength of the exposure media compared to 249 the soft water. The greater complexity of the algal media containing redox active transition 250 metals plays no obvious role. However, the changes are small not significant, with the 251 exception of the dramatic effect of the SRFA on Ce(III). It is likely if there is a redox effect 252 due to the SRFA causing oxidation and (partial) dissolution of the ceria NP, possibly 253 enhancing polymer bridging 34 between PVP and hence forming weakly bound agglomerates. 254
This interaction is in contrast to the lack of interaction with PVP on gold NPs measured using 255 different methods 31 , suggesting a combined effect of core transformations disruption of the 256 PVP coating and ceria, cerium and SRFA interaction to form loosely bound agglomerates. 257
258
In the case of Ce(IV) NPs a significant (p < 0.05) and larger change in oxidation state was 259 observed upon spiking NPs into the algal and daphnia media, but there was no corresponding 260 change in EPA softwater either with or without SRFA. Semi-quantitatively, the reduction was 261 between 0-50%, dependent on new media (Figure 2 ; Table S7) Ce(III) character at the edge as would be expected 35 . This result highlights the stability of the 279 Ce(IV) oxidation state in these samples, particularly in the presence of SRFA. In contrast, in 280 the Ce(IV) NPs in algal media, there is a variation in M5/M4 ratio throughout the particle. 281
These changes appear to be random, but do indicate a change from a predominantly Ce(IV) 282 oxidation state at the core of the particle to a mixed (III, IV) state. Again, there is an indication 283 that the oxidation state becomes predominantly Ce(III) at the edge. It is generally accepted that 284 the Ce(III) oxidation state is more energetically favorable for small cerium NPs 36 , agreeing 285 with our data. In the absence of the protective SRFA, the tendency might be for these NPs 336   337  338  339  340  341  342  343  344  345  346  347  348  349 
